The molecular Zeeman effect is reported for norbornadiene at fields near 18 kG. 6 esu cm 2 , with the c-axis of the molecular inertia tensor aligned to the C^v-axis of the equilibrium configuration. The results of ab-initio calculations, using London type atomic orbitals as basis functions, are reported for the ^-tensor, the magnetizability tensor and the molecular electric quadrupole moment tensor and are compared to the experimental findings. The possibilities of strain induced magnetizability exaltations and of systematic differences between gas phase and bulk phase magnetizabilities are discussed.
Introduction
The structure of norbornadiene (bicyclo [2.2.1] hepta-2,5-diene, C7H8 ), with its interesting ability for photo-sensitized valence isomerisation to quadricyclane, has been determined recently by Bauder and coworkers [1, 2] . In the following we present the results of a rotational Zeeman effect study. Such a study [3] directly gives the anisotropics in the magnetizability tensor. It also leads to vibronic ground state expectation values for the molecular electric quadrupole moment. The magnetizability anisotropies in turn give information on nonlocal ring currents within the electron cloud, which might be induced by application of an exterior magnetic field (1. c. [3] , Chapt. C). Such ring currents are most prominent in delocalized irelectron systems. In norbornadiene we suspected that strain induced overlap of the 7r-orbitals might lead to a magnetizability exaltation along the c-axis of the molecule. For the orientation of the principal inertia axes system compare For a recent report on the field of Fourier transform microwave spectroscopy, see [4] .
Experimental
The sample of norbornadiene was purchased from Aldrich (purity: 99 %, b. p. 89° C). It was used for the spectroscopic studies after several bulb to bulb distillations without further purification.
The Zeeman measurements were carried out with the waveguide Fourier transform microwave spectrometer described earlier [51. As compared to the Table  2 and text). The inserts show the orientation of the waveguide cross section between the pole faces of the magnet.
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original setup, the spectrometer has been improved further. The changes were aimed to reduce the noise level and to eliminate the effects of coherent perturbations as far as possible.
First, the pair of phase locked microwave oscillators (signal oscillator and local oscillator) was replaced by a single microwave source as local oscillator. The polarization signal was derived from the local oscillator frequency. To this end a fraction of the local oscillator output was periodically fed into a single side band mixer. A 160 MHz cw signal, derived from the master clock of the system, was fed into the second input of the mixer. The upper side band from the mixer output, Signal = ^locai + 160 MHz, was fed through a computer controlled YIG-filter to a two stage microwave amplifier chain to provide the polarization signal. As second stage a Hughes 801 OH traveling wave tube amplifier was used (maximum output power: 15 W). Since the microwave path to the mixer was opened only for pulse formation, no signal frequency radiation was present during the free induction decay periods. This eliminates coherent perturbations caused by signal leakage into the detection system.
Second, an image rejection mixer (MITEQ No.: IR0618LC2C) was used for the down conversion of the free induction decay signals into the 160 MHz band. This reduces the noise level at the detector by a factor of two as compared to the previous setup with a simple waveguide mixer.
Third, for further reduction of coherent perturbations, the feature of base line subtraction was added to the phase alternating pulse sequence technique already used in the original setup. To this end data acquisition was carried out in three-step cycles. In the first step 2 15 free induction decay signals were accumulated with the phase alternating pulse technique. In the second step the signal path was blocked for the following sequence of 2 15 periods through a 1 GHz shift of the YIG transmission band pass but data accumulation (in this case of noise and perturbations only) was carried out as before. In the third step the difference between both accumulated signals was built and added to the results of the previous three-step cycles. By this technique the remaining coherent perturbations, which probably mostly originate from the switching pulses within the hardware of the averager system, could be further reduced by at least three orders of magnitude. This considerably facilitated the present study of the low-dipole molecule norbornadiene.
In Fig. 2 we present Fourier transform power spectra of the 2(1,1) -1(0,1) rotational transition as examples. They were recorded at zero field and at fields close to 17 kGauss. Typical recording conditions were: sample gas pressures around 2 mTorr and sample temperatures in the range of -40 to -50°C. Under these conditions linewidths of typically 50 kHz full width at half height were observed in the Fourier transform power spectra. Due to the low dipole moment of norbornadiene comparatively long polarization pulses of up to 1.5 fis duration each had to be used for polarization of the sample. With such long pulses the resonance offset with respect to the polarization frequency already leads to observable differences in the polarization efficiency for the different Zeeman satellites. Thus the observed relative signal intensities of the satellite not only depend on the dipole transition moment matrix element but also on the frequency offset with respect to the carrier frequency in the pulse [6] , For reasons discussed earlier [7 -10] , the final transition frequencies were obtained from a direct leastsquares fit to the accumulated free induction decay signals. A Levenberg-Marquardt routine [11] implemented by Grabow [12] was used for this purpose.
Analysis of the Zeeman Splittings
The energy expression, developed by Hüttner and Flygare [13] , for the magnetic contribution to the rotational energy levels of an asymmetric top molecule was used to analyze the observed Zeeman splittings. It is given by
where a = (2£ aa -£ b6 -£ cc ) and/? = (2£ 6b -£ cc -£ aa ) are the magnetizability anisotropics, N is Avogadro's number, // nuc is the nuclear magneton, H is the magnetic field, J, K a K c , and M, are the rotational quantum numbers, and (J 2 ) = (J, K a K c \J 2 \«7, K a K c ) is the asymmetric top expectation value of the rotational angular momentum (in k) along the g lh principal in-
ertiaaxis. The {J~Ys were computed as derivatives of the rotational energies with respect to the rotational constants [14] . The closed solutions [15] for the low-J rotational energy levels of interest here are presented in Table 1 . The rotational constants of Bauder and coworkers [2] (A = 4273.6281(2) MHz, B = 3610.3002(2) MHz, and C = 3186.4370(2) MHz) were used in this context. 
The measured Zeeman splittings reported in Table 2 were least-squares fitted to the transition frequency expression obtained from (1), to give the three molecular ^-values (g aa , gbb,9cc) and the two magnetizability anisotropics a = (2£ aa -£ bb -£ cc ), ß = (2£ bb -Zee -Zee)-These are reported in Table 3 .
The bulk magnetizability, £buik, can not be obtained from rotational Zeeman effect splittings, since its contribution cancels in the energy differences which lead to the transition frequencies. Also, in principle, only the relative sign can be determined for the molecular p-values, since a simultaneous change of the signs of all ^-values and of the sign of all M-quantum numbers would lead to identical frequency and intensity patterns in the Zeeman multiplets (c.f Eqs. III. 11 and III. 12 and Table III.5 in [3] ). Below we present arguments that our choice of sign (all ^-values negative) is correct.
Derived Molecular Parameters

Molecular Electric Quadrupole Moments (No Additional Input Required)
From their theoretical expressions, the experimental (/-tensor elements and the magnetizabilities may be used to derive experimental values for the vibronic ground state expectation values of the components of the molecular electric quadrupole moment, see [16] and [3] , Sect. II B: Satellites not used in the least squares fit are marked by an asterisk. The uncertainties in the //-values are estimated to be below ± 20 G (see [3] , p. 118). 
where A, B. and C are the rotational constants, M p and m are the masses of the proton and electron, respectively, Z n \e\ is the charge of the r?-th nucleus, a n , b n , c n , a,j, bj, Cj are the coordinates of the n-th 
nucleus and j-th electron, respectively, in the principal moment of inertia coordinate system, c is the velocity of light, and (0|... |0) denotes the vibronic ground state expectation value. Depending on the choice of sign for the ^-values, two completely different sets of molecular electric quadrupole moments are obtained from (3). However, the absolute values of the quadrupole moments which would follow from the set with positive ^-values have the order of magnitude of the nuclear contributions alone (see Table 3 ). Since the nuclear and electronic contributions largely compensate each other, these values would be too large by an order of magnitude. This conclusively demonstrates that our choice of sign for the ^-values (all negative) must be correct.
With additional input, also the so-called paramagnetic magnetizabilities, the anisotropics in the second electronic moments, the individual components of the magnetizability tensor and the individual second electronic moments may be obtained. The values of E ^n« 2 , E Z nb 2 nl and E ^nc 2 needed in these equations were derived from the microwave structures. Three sets of coordinates were used: the ro-coordinates, the r s -coordinates, and the pseudo-r e -coordinates. The substitution (r s ) coordinates and the pseudo-equilibrium (pseudo-r t ) coordinates (compare [17] ) were taken from Table II in [2] . The ro-coordinates are the result of a least-squares fit to the vibronic ground state rotational constants of all isotopomers reported in [2] . They are presented in Table 4 . The rigid nuclear frame approximation was used in this fit with the same nuclear frame geometry for all isotopomers . For later reference we also present Hartree-Fock self consistent field equilibrium coordinates in this Table. They were calculated using the aug-cc-pVDZ basis of Dunning and coworkers (see Sect. 5.1). The input values for the second nuclear moments, i.e. for the sums Y1 Z n a 2 n etc., are given at the top of Table 5 . Also given in this Table are the corresponding values for a fully relaxed ab-initio geometry (SCF-calculation, aug-cc-pVDZ basis; see the following section). The corresponding paramagnetic magnetizabilities and anisotropics in the second moments of the electronic coordinates are presented at the bottom of Table 5 . The uncertainties given in this Table follow by Gaussian error propagation from the experimental uncertainties in the p-values and magnetizability anisotropics alone. They do not account for model deficiencies due to the neglect of vibrational corrections. We believe however, that the differences between the values in the four columns provide an estimate for the order of magnitude of vibrational corrections. 
Paramagnetic Magnetizabilities and
The Individual Components of the Magnetizability Tensor and the Individual Second Moments of the Electronic Charge Distribution. (Additional Input: the Second Moments of the Nuclear Charge Distribution (as above) and the Bulk Magnetizability, Zbulk = (Zaa + Zbb + Zee) / 3)
Since no experimental value for the bulk magnetizability was known to us, we have used Haberditzl's additivity scheme for core and bond increments [ 18] to predict its value. For unstrained hydrocarbons, this additivity scheme typically leads to predictions within 1 % of the experimental (liquid phase) values [ 18] , In Table 6 we present an excerpt of Haberditzl's Tables.
In Table 6 a plain "C" stands for a sp 3 -hybridized carbon atom. A sp 2 -hybridized carbon atom is denoted by "C + ". Lower indices n = 1,2,3, denote the number of neighbouring carbon atoms, which are attached to the atom under consideration (compare with Figure 1 ). The result of such a prediction is
Because of the presence of strain, the uncertainty in this value will be larger than the typical 1 % margin observed for unstrained hydrocarbons [18] . Also, a difference in the gas-phase and liquid-phase magnetizability tensors will increase the uncertainties in the derived molecular parameters. In fact, there are indications that the gas-to-liquid shift of the magnetizability may be as large as 10 to 15 %, with the value in liquid being more paramagnetic than in the gas phase [19] . In Table 7 , we therefore also present values calculated with a bulk magnetizability 10 % Table 7 . Molecular Zeeman parameters (/) calculated with the second moments of the nuclear charge distribution and a predicted value for the bulk magnetizability as additional input. Two sets of data are presented for each nuclear configuration. The second set (II) is calculated with a £buik-value increased by 10% with respect to the Haberditzl-prediction (see text). The uncertainties reflect the experimental uncertainties in the ^-values and magnetizability anisotropics alone. The magnetizabilities are given in units of 10 Table 3 , the individual components of the magnetizability tensor may be calculated, and the individual second moments of the electronic charge distribution then follow as given in (7): electrons ~ j. nuclei ^^ y n (and cyclic permutations). These quantities are listed at the bottom of Table 7 . As already mentioned, because of the strain-which leads to an endo displacement of the hydrogen atoms attached to the sp 2 -hybridized carbon atoms, for instance-and because the increments of the additivity scheme used here have been fitted to predicted liquid-phase bulk magnetizabilities, these results have to be regarded with some caution.
In an alternative approach we have therefore calculated the magnetic properties of norbornadiene directly by a powerful ab-initio response method using London type atomic orbitals as basis functions. This is described in the following section.
Ab initio Calculations
Introductory Remarks
For a critical comparison with the experimental values, we have calculated-at the Hartree-Fock levelthe magnetizability and rotational g tensors as well as the dipole and quadrupole moments of the norbornadiene molecule. For the magnetic properties, our use of London atomic orbitals ensures gauge-origin independence and fast basis-set convergence [20, 21] . In our calculations, we have used the augmented correlation-consistent polarized valence double-zeta basis (aug-cc-pVDZ) of Dunning and coworkers, developed to give accurate results for electric properties [22, 23] . It has been shown that this basis set gives Hartree-Fock results within 2 % of the Hartree-Fock limit for magnetizabilities as well as rotational g tensors [21, 24, 25] . The aug-cc-pVDZ set consists of a (4s3p2d) contracted set on carbon and a (3s2p) contracted set on hydrogen, giving a total of 233 basis functions for this molecule.
In our calculations, we have used the substitution coordinate geometry and the pseudo-equilibrium geometry of the Zürich group [2] , In addition, we have performed a geometry optimization at the aug-ccpVDZ level in order to obtain a purely theoretical estimate of the various molecular parameters. The geometry was optimized using the second-order algorithm described in [26] . All calculations have been performed with the DALTON quantum chemistry program [27] , The use of London atomic orbitals ensures that the results obtained with the aug-cc-pVDZ basis set employed in this investigation are within 2 % of the Hartree-Fock limit [20, 24] . Furthermore, the inclusion of electron-correlation effects usually leads to minor changes in the isotropic magnetizability (of the order of 2 %) [28] -often in the opposite direction of the error caused by basis-set incompleteness. Thus, we estimate the £ bu]k -values obtained with the London atomic orbitals to be accurate to within 3 %. At the substituted coordinate structure of the Zürich group [2] , the isotropic magnetizability becomes = -60.4 ± 1.8 • 10" 6 erg G~2 mol" 1 , a value which is about 9 % more diamagnetic than that predicted by Haberditzl's additivity scheme (compare Table 6 ).
Ab-initio Calculations of the Electric and Magnetic Properties of Norbornadiene
We have collected our calculated results for the dipole moment, the quadrupole moment, the rotational g tensor, the magnetizability tensor, and its paramagnetic part in Table 8 . We note that the various molecular properties depend only weakly on the geometry. We thus expect that rovibrational effects will have only a minor influence on the calculated properties-with the possible exceptions of the magnetizability anisotropy 2£ aa -Zbb ~ Zee and the isotropic magnetizability.
Comparing the Hartree-Fock results in Table 8 with those obtained directly from experiment-that is, with the rotational g tensor elements and the magnetizability anisotropies in Table 3 -we note that the agreement is satisfactory for the g tensor components g aa and gbb, the difference being approximately 6.5 and 4.0 %, respectively. This appears to be the accuracy characteristic of Hartree-Fock calculations for this particular property [21, 28] . For the g cc component, however, the theoretical results have, at all geometries, a sign opposite that assigned by experiment. Considering its small magnitude, the inclusion of electron correlation might change the sign of this component. The calculations thus give a straightforward and unambiguous verification of the sign of the rotational g tensor components chosen on the basis of the predicted quadrupole moment.
The isotropic magnetizability as obtained in the theoretical calculations confirm the isotropic magnetizability obtained using Haberditzl's additivity scheme after the scaling of 10 %. For the magnetizability anisotropy 2£ aa -Zbb -Zee, the calculated results are of the same order of magnitude as experiment but of opposite sign. Comparing with Table 7 , we note that this difference appears to arise from a slight overestimation of the Zbb component in the theoretical calculation, which is also the cause of the fairly large difference observed for the second magnetizability anisotropy. The neglect of electron correlation usually introduces errors in the magnetizability components that tend to cancel for the isotropic magnetizability but which lead to poorer agreement with experiment for the anisotropies [29] . We note that, for the paramagnetic contributions to the magnetizability, there is good agreement with the experimentally derived numbers in Table 5 .
Turning our attention to the quadrupole moment, the agreement between theory and experiment is satisfactory, although none of the theoretical estimates are within the experimental error bars. However, the quadrupole moments result from the differences of large nuclear and large electronic contributions. This leads to their comparatively high sensitivity with respect to even minor errors in the calculated electronic wavefunction.
Ring Currents
Considering the geometry of norbornadiene as depicted in Figure 1 , we note the possibility of overlap of the p orbitals on the doubly-bonded carbon atoms, which in turn might lead to ring currents. The importance of ring currents for the magnetizability of aromatic molecules was studied already in the 1930s [30] and has recently been investigated in detail by Schleyer and Jiao [31] . The existence of a closed path where electrons may move freely will lead to an enhancement of the magnetizability, for both the isotropic and the anisotropic magnetizability. Thus, large magnetizability anisotropics and magnetizability exaltations-as defined with respect to an additivity scheme-may indicate the existence of ring currents and thus serve as a measure of the aromaticity of a molecule [31] .
To estimate possible magnetizability exaltations, we first predicted the tensor elements £ gg from local atom tensors as outlined in Chapt. C of [3] . The local tensors were taken from Table II.2 in [3] . Unfortunately, as a result of the large uncertainties in these local tensor elements (typically in the 10 -15 % range), which probably reflect adjacent bond effects, the ^-values reported in column 1 of Table 7 fall within the error bars of the predicted values, making the comparison inconclusive. Furthermore, since liquid-phase bulk magnetizabilities were used as input data for Table II.2 in [3] , we now believe that the local tensor elements reported in [3] also contain a systematic error, being too paramagnetic.
Our second approach, therefore, is based on the comparison of our calculated isotropic Hartree-Fock magnetizability at the optimized geometry, ~ -60.75 • 10 -6 ergG -2 mol _1 , with the value of -59.0 • 10 _6 ergG~2mol _1 , obtained by adding the theoretically calculated atom magnetizabilities from [24] . The theoretical additivity parameters in [24] have been shown to give results in excellent agreement with gas phase measurements after corrections were made for systematic errors in the experimental numbers [24] . Thus, judged on the basis of the theoretical calculations alone, there appears to be only a modest magnetizability exaltation, amounting to approximately -1.7 • 10~6ergG~2mol _1 in the bulk value or to at most A^e c xalt) = -5.1 • 10-6 ergG~2mor 1 if confined to the £ cc -value alone.
Although this result might indicate that a weak ring current may be induced in the 7r-orbital system, this current is by no means comparable to the currents observed in aromatic 7r-systems such as in benzene, thiophene, and so on, where the ^-tensor element perpendicular to the aromatic ring may show magnetizability exaltations of more than -40T0~6ergG _2 mol -1 (c. f. Table II.4 in [3] ).
Conclusions
From our comparison of the experimental g values and £ anisotropics with their SCF counterparts, we draw three conclusions:
1. The SCF calculations predict the g tensor elements with an uncertainty of about ±0.002 and the £ tensor elements with an uncertainty of ±1.5 • 10-6 ergG-2 mor 1 .
2. The gas-phase isotropic magnetizability (£ aa + + £ cc )/3 is most likely about 8.5 % more diamagnetic than predicted from Haberditzl's additivity scheme for liquid-phase isotropic magnetizabilities, quite in line with earlier findings for compounds where both gas-phase and liquid-phase isotropic magnetizabilities have been determined experimentally.
3. Diamagnetic magnetizability exaltation due to strain-induced 7r overlap-if at all present-is much less pronounced than anticipated.
In order to investigate further the effects of strain on the magnetic properties of small molecules, a joint experimental/theoretical investigation of substituted cyclo-propanes is under way.
